Abstract
Material and Methods
Total RNA was extracted from formalin fixed paraffin embedded (FFPE) intraocular ME (n=7) and from age matched ciliary body controls (n=8). The clinical history and phenotype was recorded. MiRNA profiles were determined using the Affymetrix GeneChip miRNA Arrays analyzed using expression console 1.3 software. Validation of significantly dysregulated miRNA was confimed by quantitaive real-time PCR. The web-based DNA Intelligent Analysis (DIANA)-miRPath v2.0 was used to perform enrichment analysis of differentially expressed (DE) miRNA gene targets in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.
Results
The pathologic evaluation revealed one benign (benign non-teratoid, n=1) and six malignant tumors (malignant teratoid, n=2; malignant non-teratoid, n = 4). A total of 88 miRNAs were upregulated and 43 miRNAs were downregulated significantly (P<0.05) in the tumor specimens. Many of these significantly dysregulated miRNAs were known to play various roles in carcinogenesis and tumor behavior. RT-PCR validated three significantly upregulated miRNAs and three significantly downregulated miRNAs namely miR-217, miR-216a, miR-216b, miR-146a, miR-509-3p and miR-211. Many DE miRNAs that were significant in ME tumors showed dysregulation in retinoblastoma, glioblastoma, and precursor, normal and reactive human cartilage. Enriched pathway analysis suggested a significant association of upregulated miRNAs with 15 pathways involved in prion disease and several types of cancer. The pathways involving significantly downregulated miRNAs included the toll-like receptor (TLR) (p<4.36E-16) and Nuclear Factor kappa B (NF-κB) signaling pathways (p<9.00E-06).
Conclusions
We report significantly dysregulated miRNAs in intraocular ME tumors, which exhibited abnormal profiles in other cancers as well such as retinoblastoma and glioblastoma. Pathway analysis of all dysregulated miRNAs shared commonalities with other cancer pathways.
[23]; downregulation of miR-29b increasing fibrosis risk in Tenon's fibroblasts after glaucoma filtering surgery [24] ; miR-24 blocking p53 tumor surveillance contributing to retinoblastoma [25] ; and downregulation of miR-146a [26] and miR-200b [27] in retinal endothelial cells in diabetics.
In recent years, many studies have shown that there are alterations in miRNA profiles in tumor tissue when compared with normal tissue. Some reports noted a general downregulation of miRNAs in cancerous tissue suggesting that these non-coding RNAs may act as tumor suppressors. MiRNAs dysregulation can drive or antagonize tumorigenesis at various steps that include miRNA biogenesis, post-transcriptional miRNA changes, and alterations in RNA sequences [28] .
Based on the literature review, we hypothesized that the study of differential expression of miRNA profiles between medulloepithelioma tissues and normal control would give us clues about the role of miRNA dysregulation in the pathogenesis of this rare tumor.
Material and Methods
The clinical history and histological features of the patients with intraocular medulloepithelioma were retrieved from the medical records in a de-identified fashion. The study was approved by the Institutional Review Board at the Johns Hopkins University School of Medicine, USA and at the King Khaled Eye Specialist Hospital, KSA. The institutional review board waived the need for consent.
Tissue dissection and fixation
The tumor tissues (n = 7) were dissected from the FFPE tissue block using a dissecting microscope with a sterile No. 11 blade. For control tissue (n = 8), the ciliary body and epithelium of enucleated eyes with retinoblastoma, where the tumor was confined to the posterior segment, were dissected.
Extraction of miRNAs from FFPE tissue
Total RNA including miRNA was extracted from FFPE samples using miRNeasy FFPE kit (Qiagen) following the manufacturer's instructions. Each sample was deparaffinized with Qiagen's deparaffinization solution. Lysis buffer and proteinase K were added to release nucleic acid molecules. After the recommended heat treatments, DNase booster buffer and DNase I were added to the supernatant to remove genomic DNA and any small fragments of DNA since the latter are found in FFPE samples after long-term fixation and storage. Followed by the addition of buffer RBC and 100% ethanol, the entire sample volume was run on RNeasy MinElute spin columns, which were washed with buffer RPE twice according to the user manual. Control samples were eluted in 20 μl and ME samples were eluted in 60 μl of RNase free water. RNA concentration was measured using NanoDrop ND 1000. RNA quality was determined with Agilent bioanalyzer RNA 6000 Nano chip. Samples with RNA integrity number of at least 7 were used for the miRNA arrays.
Affymetrix GeneChip miRNA Arrays
For analysis with Affymetrix GeneChip miRNA Arrays (Affymetrix), we prepared samples with 150 ng of RNA. Samples were labeled with the FlashTag Biotin HSR labeling kit according to the manufacturer's instructions as follows. A tailing reaction was performed, RNA concentration was adjusted, and RNA Spike Control Oligos were added. ATP diluted in 1 mM Tris for total RNA was mixed with 10X reaction buffer, 25mM MnCl2, and PAP enzyme to make the Poly A Tailing Master Mix in a nuclease-free tube. The Poly A Trailing master mix, RNA sample, and oligo mix were incubated. At this point, the 5X FlashTag Biotin HSR Ligation Mix and T4 DNA Ligase were added to each sample and the ligation mixtures were incubated. Ligation reactions were hybridized with Affymetrix GeneChip miRNA arrays. Hybridization cocktail was added to each biotin-labelled ligation mixture and the resulting mix was applied to an array and incubated overnight. Arrays were then washed and stained with Affymetrix kit and fluidics Station 450 according to protocol FS450_0002 and scanned with Affymetrix Command Console (AGCC) Software. Data was analyzed using expression console 1.3 software and uploaded to the NCBI GEO database (Accession ID: GSE62367).
MiRNA validation by RT-PCR
Each miRNA sample (12 ng) was reverse transcribed to cDNA utilizing the TaqMan Micro-RNA Reverse Transcription Kit (Life Technologies). The product was then pre-amplified with TaqMan PreAmp master mix and pooled Taqman assays. The qPCR mixture was run on the 7900HT fast real-time PCR system (Life Technologies). Each qPCR reaction contained previously amplified template, TaqMan universal master mix II with no UNG and TaqMan miRNA primer assays (Life Technologies). The six different primer assays used were for miR-211, miR-509-3p, miR-146a, miR-217, miR-216a, and miR-216b miRNAs. U6 snRNA was used as the endogenous control.
Statistical analysis
Method for differential profiling. Control (n = 8) and tumor (n = 7) samples were each run on a separate Affymetrix GeneChip miRNA array and data was analyzed with Partek Genomics Suite 6.6 (Partek, Inc, St. Louis, MO). Raw data was processed using Robust Multiarray Analysis (RMA). Quality control was performed by Principle Component Analysis (PCA). Tumor versus control fold change values were calculated. One-way ANOVA was used to calculate p-values. Volcano plots were constructed with TIBCO Spotfire DecisionSite client v9.1.2 with-Log10 (p-value) on the y-axis and log2 (fold change) on the x-axis.
Method for miRNA validation. Candidate miRNAs were quantified by the comparative cycle threshold (C T ) method on an ABI PRISM 7900 HT Sequence Detection System. Realtime PCR reactions for each differentially expressed miRNA and template were done in triplicate. U6 snRNA was used as the endogenous control to normalize the data. The delta C T (ΔC T ), relative ΔΔC T, and fold change values were calculated in pooled samples. Statistical analysis was done using Mann Whitney U test with significance level of 0.05 and 2-tailed hypothesis.
MiRNA-targeted pathway analysis. The web-based DNA Intelligent Analysis (DIANA)-miRPath v2.0 was used (http://www.microrna.gr/miRPathv2) to perform enrichment analysis of differentially expressed miRNA gene targets in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway v58.1. Following the inclusion of DE miRNAs in the web tool the web server utilizes miRNA targets predicted with high accuracy based on DIANA-microT-CDS and/or experimentally validated transcripts from TarBase v6.0 and provides a p-value for each pathway by applying Fisher's method [29] . The default settings of the web server includes a score cutoff of 0.8 for the target prediction that predicts around 350 mRNA targets per miRNA, a false discovery rate (FDR) method to correct multiple hypothesis testing, and a p-value threshold of 0.05.
Results
The clinical data of the patients are summarized in Table 1 . Of the seven patients, one had a benign medulloepithelioma and six had malignant medulloepitheliomas.
Affymetrix GeneChip miRNA Arrays Analysis
A total of fifteen samples from enucleated specimens (7 medulloepitheliomas and 8 controls) were analyzed with the Affymetrix GeneChip miRNA Arrays. Many miRNAs were differentially expressed in the two groups as highlighted in the volcano plot in Fig. 1 . MiRNAs that were over-or underexpressed by at least 2 standard deviations with a significant p-value (p < 0.05) are listed in Table 2 and Table 3 , respectively.
Seven of these miRNAs-miR-124, miR-130b, miR-18a, miR-184, miR-217, miR-216a, miR216b -were overexpressed by more than 6 standard deviations in tumors when compared to controls. Seven of these miRNAs-miR-509-3p, miR-146a, miR-145, miR-29b-2-star, miR-187, miR-133a, miR-211-were underexpressed in tumors versus controls by at least 6 standard deviations from the mean.
Some tumors included neuronal and glial type tissue as well as cartilage in one sample. Therefore, we compared the miRNAs that were significantly different among tumor versus control tissues to miRNA profiles described in retinoblastoma, glioblastoma, and cartilage. These comparisons are presented in Table 4 . Since there was only one histologically benign medulloepithelioma in our samples, we were unable to compare miRNA differential profiling between malignant and benign tumors. Since the sample size of teratoid and non-teratoid tumors was small, we did not compare miRNA expression differences between these two groups.
RT-PCR validation
For validation using RT-PCR, we chose three miRNAs (miR-217, miR-216a, and miR-216b) that were upregulated and three miRNAs (miR-146a, miR-509-3p, miR-211) that were downregulated by at least 6 standard deviations in tumor compared to control arrays. After normalization with U6 snRNA as the endogenous control, the RT-PCR data confirmed significant expression (P < 0.05) of all six miRNAs in all samples used in microarray analysis (Table 5) . 
Pathway analysis
Following the addition of upregulated miRNAs, the DIANA-miRPath v2.0 identified 31 pathways (see S1 Table) as significantly enriched (p < 0.05). Among these, the top 15 pathways included those involved in prion disease, infections (Hepatitis B, HTLV-1), PI3-AKT signaling pathway, viral carcinogenesis, and specific type of cancers including colorectal cancer, pancreatic cancer and glioma (see Table 6 ). Similarly, with the downregulated miRNAs, significant enrichment was seen in 45 pathways that were mainly influenced by 3 miRNAs, namely miR-133b, miR-145-5p, and miR-146a-5p (see S2 Table) . In addition to pathways in cancer and different infections, TLR signaling pathways (p < 4.36E-16) and NF-κB signaling pathway (p < 9.00E-06) were among the top 5 associated pathways (Table 7) . 
Discussion
During tumorigenesis, it is suggested that dysregulations of miRNA-mediated gene regulatory networks, evident in many cancer models, play several roles. At the cellular level, miRNAs function as master regulators and signal modulators. They fine-tune gene expression in many complex pathways. When these pathways are disrupted, the resulting alterations permit tumorigenesis within a particular tissue [28] . This study highlights significant changes in the miRNA expression profile in intraocular medulloepitheliomas as compared to controls. Many of the over-or underexpressed miRNA in medulloepithelioma were reported to play various roles in carcinogenesis. In this section of the discussion, we chose to highlight the function(s) of some of the validated miRNAs that showed expression differences by several standard deviations from the control. In this discussion we will focus on a few of the MiR-217 was highly overexpressed in medulloepitheliomas. Recent data suggests that miR-217 is an oncogene that is overexpressed in aggressive human B cell lymphomas [30] and contradictarorily functions as a potential tumor suppressor in hepatocellular carcinoma through direct suppression of E2F3 [31] . On the other hand, levels of miR-217 are downregulated in pancreatic intraepithelial neoplasm and pancreatic ductal adenocarcinomas [32] and in clear cell renal carcinomas [33] . Further studies are needed to determine whether higher expression of miR-217 in intraocular medulloepithelioma represents an oncogenic effect or the dysregulation functions as a potential tumor suppressor that might explain its low metastatic potential. MiR-18a was also highly expressed in intraocular medulloepithelioma samples. Recently in an orthotopic metastatic breast cancer xenograft model, miR-18a suppressed distant metastasis via the hypoxia-inducible factor 1-alpha pathway [34] . This observation is interesting since it is well known that intraocular medulloepitheliomas typically spread locally and distant metastasis is rare [14] . It is possible that the overexpression of miR-18a may play a role in repressing the metastatic behavior of intraocular medulloepitheliomas. Additionally, miR-216a and miR216b in our study following qPCR validation demonstrated a twenty fold change in intraocular medulloepithelioma as compared to the controls. In contrast, both these miRNAs are downregulated in a mouse model of pancreatic cancer [35] . However, overexpression of miR-216a was shown to activate the PI3K/Akt and TGF-β pathways by targeting PTEN and SMAD7, contributing to hepatocarcinogenesis and tumor recurrence in heptaocellular carcinoma. The exact overexpression of these two miRNAs in medulloepithelioma needs further investigation [36] . Interestingly miR-382 was significantly upregulated in ocular medulloepitheliomas in this study. This miRNA functions as an oncogene under hypoxic conditions and also regulates tumorigenesis through the PTEN/AKT/mTOR pathway [37] .
Three miRNAs (miR-146a, miR-509-3p and miR-211) showed significantly reduced expression in the intraocular medulloepithelioma specimens. Downregulation of miR-146a was shown to play a role in migration and metastasis of breast carcinoma [38] and miR-509-3p was shown to be a tumor suppressor in renal cell carcinoma with downregulation associated with cell invasion and migration in renal cell cancer [39] . MiR-211 downregulation has been shown in a variety of cancers and is associated with tumor progression invasion in breast carcinoma, tumors of the head and neck and melanomas [38, 40, 41] . Interestingly miR-211 is found in abundance in the vitreous humor and one might suggest that the source of this miRNA may potentially be the ciliary epithelium or the sensory retina [21] . Though a panel of six miRNAs was highly over-or underexpressed and validated in the medulloepithelioma specimens, none of them were unique to the tumor. It is possible that a combination of this panel might be useful as biomarkers for medulloepitheliomas for undifferentiated neuronal tumors of the eye and adnexa. Both miR-216a and miR-216b are associated with various types of cancer in particular adenocarcinoma of the pancreas. MiR-146a is believed to be involved in the regulation of inflammation and major pathways in cancer. As for miR-217, there is no specific pathway identified linked to this microRNA, but is indirectly associated with cancer and pancreatitis. Furthermore, miR-146a is directly involved in various types of cancer including prostate, gastric, sarcoma, leukemia and pancreatic cancer; and miR-509-3p is involved in renal cell carcinoma with no direct link to a specific pathway. Finally, miR-211 is associated with cancer and stroke. So clearly, most of our differentially expressed miRNAs are related to cancer and signaling pathways (see Tables 6 and 7) .
Ocular medulloepithelioma has been associated with a DICER1 germline mutations in familial pleuropulmonary blastoma (PPB) by genome-wide linkage analysis [42] . DICER1 is located on chromosome 14q32 and encodes a ribonuclease that participates in miRNA formation [43] . In this series, the ocular medulloepithelioma are localized in all patients and did not show the phenotype typical of DICER mutations [42] . Furthermore dicer knockouts typically result in a global depression in miRNA production [44] . In a patient with DICER mutation and mutated PPB elevated serum levels of miR-125a-3p and miR-125b-2-3p were described. These miRNAs were not upregulated in the tumor samples in this study [45] .
Retinoblastoma like ocular medulloepthelioma is another ocular neoplasm that is common among children. Though the clinical features and behavior of retinoblastoma is quite different from medulloepithelioma, they share some common pathologic features that include the undifferentiated primitive neuronal cells and presence of rosettes in the tumor. Our study detected many significantly up-and downregulated miRNAs in the tumor tissue of medulloepithelioma that were also described in retinoblastoma as noted in Table 4 . Of particular interest is the significant downregulation of the let-7 family of miRNAs described in retinoblastoma [46] and also seen in the intraocular medulloepitheliomas in our study. The let-7 miRNAs are a family of seven subtypes that play an important role in the development and differentiation of embryonic cells into specific lineage in the central nervous system. In addition many members of the let-7 family play a role in cancer as a tumor suppressing miRNA [47] but interacts with LIN28, which encodes an RNA binding protein, as is described later in this discussion.
Medulloepitheliomas are primitive neuroepithelial tumors that pathologically resemble primitive neuroectodermal tumors of the central nervous system [48] . Detailed miRNA profiling in primitive neuroectodermal tumors is currently unavailable. In cell lines of primitive neuroectodermal tumors, miR-125 was upregulated in response to chemotherapy [49] . Significant dysregulation of miR-125 was not seen in our tumor samples.
Embryonal tumor with multilayered rosettes (ETMR) is an aggressive primitive neuroectodermal neoplasm of the central nervous system. In the central nervous system, abundant neutrophils and true rosettes in the embryonal tumors suggest that ependymoblastoma and medulloepithelioma are the same entity [50] . Intraocular medulloepitheliomas share some of the histological features of these tumors; however, the result is rarely metastasis or mortality, even in the malignant histological variety [11] . LIN28, an RNA binding protein, is an important diagnostic marker, which is upregulated in many cancers including ETMR. In an ETMR cell line, LIN28 knockdown showed an increase in let-7 expression by activating downstream pathways. It is suggested that the LIN28/let-7 pathway plays a critical role in the pathophysiology of malignant neoplasms such as ETMR and germ cell tumors. Overexpression of LIN28 selectively inhibits let-7 biogenesis leading to decreased expression of let-7 in such neoplasms. It is possible that the significant decrease in let-7 expression seen in intraocular medulloepitheliomas plays a significant role in the pathogenesis of this neoplasm. The less aggressive behavior of intraocular medulloepitheliomas, in contrast to those seen in the central nervous system, are likely regulated by other mechanisms including some of the miRNAs described earlier in the discussion [47] .
Medulloepitheliomas may either be benign or malignant neoplasms [13] . In this series, six tumors were classified as malignant and one as benign. The miRNA differences between malignant versus benign samples could not be studied in view of the disparate numbers. In order to identify specific miRNAs that might be dysregulated in tumors versus controls, the data was analyzed. As shown in Table 4 , several miRNAs showed significant differential expression. We also compared this dysregulation to published reports on miRNA alterations in retinoblastoma, glioblastoma, and in embryonic, normal and hypertrophic cartilage [46, 51, 52] . Of the total thirty-four miRNAs that were significantly dysregulated in medulloepithelioma, twentytwo were reported to be dysregulated in malignant glioblastomas [51] suggesting common molecular threads between these primitive neoplasms.
Furthermore, thirteen miRNAs that were dysregulated in intraocular medulloepitheliomas were also expressed in normal, embryonic and/or hypertrophic cartilage. Based on this analysis, the role of these miRNAs, if any, in the formation of cartilaginous medulloepitheliomas needs to be further investigated.
Several pathways appear to be enriched by the upregulated miRNAs. Among the top 15 pathways, the pathway most significantly was associated with prion disease (p < 1e-16) was found to be influenced by a single miRNA, miR-130b-3p, which was predicted to target a single transcript PRNP (prion protein gene). Mutations in PRNP are associated with human prion diseases [53] . The functional role of this pathway in medulloepithelioma is unclear, thus needs further investigation. Other pathways that may be of interest include transforming-growthfactor-beta (TGF-β) signaling pathway, which was most significantly influenced by miR-20a-5p (p < 9.6e-08) and miR-17-5p (p < 2.7e-07), and hypoxia-inducible factor (HIF)-1 signaling pathway, which was most significantly influenced by miR-20b-5p (p < 4.3e-07) (see S1 Table for the complete list). Upregulation of HIF1-alpha (HIF-1α) is associated with adverse outcomes in patients with neuroblastoma [54] and other tumors as previously described in this report.
Similarly, 45 pathways corresponding to the downregulated miRNAs were noted (see S2  Table) . These pathways were mainly influenced by miR-133b, miR-145-5p, and miR-146a-5p. Besides pathways in cancer and different infections, TLR (p<4.36E-16) and NF-κB-signaling pathways (p < 9.00E-06) were among the top 5 associated pathways.
Most cancers are characterized by activation of the NF-κB pathway, resulting in cancer cell proliferation, survival, angiogenesis and metastasis. It appears that tumorigenesis in intraocular medulloepitheliomas may also be influenced by the NF-κB pathway [55] .
TLR stimulation can lead to up-or downregulation of various miRNA expressions. TLRs are known to trigger innate immune system and bolster adaptive immunity against antigens expressed by pathogens and tumor cells [56] , and can also modulate anti-cancer therapy [57] . Patients with breast cancer carry the loss-of function allele for TLR4. The defective allele affects the binding of high-mobility group box (HMGB1) protein to TLR4. Patients with the loss-offunction TLR4 allele have been shown to relapse more quickly after radiotherapy or chemotherapy indicating the clinical relevance of immunoadjuvant pathway triggered by tumor cell death [58, 59] . MiR-146a, which was significantly downregulated in intraocular medulloepitheliomas in this study, may interact with both the NF-κB pathway as well as the TLR pathway as shown in breast and thyroid cancer [60] . Studies have shown the pathological relevance of NF-κB/miR-146 in human breast cancer, pancreatic cancer, anaplastic thyroid carcinomas, and brain tumors [61] ; therefore, one might suggest that this pathway may play a role in the pathogeneis of medulloepitheliomas. In the CNS gliomas, TLR pathways are responsible for converting microglia into a glioma supportive phenotype [62] . Such a role in medulloepitheliomas needs further investigation.
There are some limitations of this particular study. The sample size of the study was small making it difficult to analyze miRNA alterations in subsets of medulloepitheliomas. More specimens are needed to perform additional analysis. Also, intraocular medulloepitheliomas are localized tumors and determining mortality based prognostic factors based on miRNA expression may not be relevant. We hope that future studies will be able to address the differences in the biological behavior of central nervous system medulloepitheliomas and intraocular medulloepitheliomas at the molecular level.
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